Abstract
The Background
The research that will be described in this paper was carried out as a development of earlier work undertaken as part of COST Action 239. The COST framework (European Cooperation in the field of Scientific and Technical Research) is run by the European Commission, aiming to promote pre-competitive R&D cooperation between industry, universities and national research centers.
COST 239, 'Ultra-high Capacity Optical Transmission Networks', studied the feasibility of a transparent optical overlay network capable of carrying all the international traffic between the main centers of Europe.
At the start of the project, twenty such centers were identified, each acting as the gateway for all (or half) of the European international traffic for their country.
The initial network design and analysis of a proposed European Optical Network (EON) based on those nodes was presented in [1, 2] . The initial single-layer mesh topology design was carried out by making what were presumed to be reasonable assumptions about the possible traffic distribution, given the node populations, and incorporating suitable structures to enhance reliability. The topological design was then analysed, using existing software [3, 4] , and incorporating the PD (populationdistance) model for node-to-node traffic, two-shortestlink-disjoint-path routing and a simple model for link availibilities.
This resulted in comparative link capacities, which were scaled to realistic levels for the immediate, medium and long term. Subsequently, an improved model for European international telephony traffic, the PFD (population-factor-distance) model, has been developed [5] .
The Problem
The problem this paper seeks to address is that of producing a minimum-cost topology for the COST 239 European Optical Network (EON), given the existing choice of twenty nodes. The traffic applied is the real traffic data (scaled to the long-term level estimated by COST 239, and completed, where not available, using the PFD model [5] ); two-shortest-node-disjoint-path routing is used between node pairs; and a reliability constraint is employed. The latter is to ensure that there are two fullyresourced node-disjoint routes between node pairs, thereby guaranteeing that the network will survive the failure of any single component (node or link).
The size of the problem space is simply the number of different topologies. If only the nine central nodes are considered, then the space is 6.9×10
10 , but for the full EON, this rises to 1.6×10 57 .
The cost model used, which estimates the total cost of the network in terms of its links and nodes, as well as incorporating a penalty function to ensure the reliability constraint is met, is detailed in [6] .
Comparing GA and GP
The aim of this paper is to compare genetic programming (GP) [7] to existing genetic algorithm (GA) work on the problem, in terms of the ease of encoding, the quality of the results obtained, and their overall efficiency. Using a GA, Sinclair [6] found the best result for the central nodes was 2.66M with a population size of 50 and less than 3,000 trials. For the EON, his best result was 6.85M with population size of 100 and less than 48,000 trials.
Our approach in using GP was to evolve a program which would directly or indirectly encode a network topology. The GP implementation we chose was lilgp (V1.02) [8] .
The Various GP Approaches
Three different approaches to using GP for the problem were devised: relational function set, decision trees and connected nodes.
As well as comparing the efficiency of GP for this problem with GA, we also sought to establish which of the three GP approaches was to be preferred. All three approaches were applied to the central nine nodes (which Sinclair examined for illustrative purposes [6] ), to establish if there was any clear differentiation between the approaches, and then the best two were applied to the full EON.
Relational function set (RFS)
This approach (and the subsequent one, decision trees) operates by evolving a program to answer the question The relational-function-set approach composes an isLinkThere(LID) program by directly manipulating both the LID variable and constant link identification numbers using arithmetic, relational and decision-making functions.
The terminal set for this approach thus consists of the (variable) link identification number (LID) itself and the ephemeral random floating-point constant (R).
The function set consists of five functions:
• Addition (+): this function takes two integer arguments and returns their integer sum modulo N, as there are no links with LID greater than or equal to N.
• Subtraction (-): this function takes two integer arguments, and returns the absolute difference between them as an integer modulo N. The absolute value is necessary as there are no negative link identification numbers.
• Greater-than (>): this function takes two integer arguments and returns 1 if the first argument is larger than the second argument, otherwise it will return 0.
• Less-than (<): this function takes two integer arguments and returns 1 if the first argument is smaller than the second argument, otherwise it will return 0.
• Decision function (if): this function takes three arguments, and if the first is equal to 1, i.e. true, then it will return the value of the second argument, otherwise, it will return the value of the third argument.
Clearly, a program obtained by GP using this terminal and function set will return a number from 0 to N-1, hence a wrapper is necessary to obtain just the desired values of 0 or 1. We chose to divide the range between 0 and N-1 into a specified number of intervals, and then map values within the intervals to 0 or 1. The wrapper we used for this approach, and also for decision trees, is given in Fig. 1 . By iterating over all possible link identification numbers, the N-bit string can be fully established. The correspondence of the string to the network topology can be clearly seen in Fig. 2 , where the matrix represents the links in a network, with a 1 indicating the presence of a link, and a 0 its absence. The string corresponding to this matrix can easily be written out, by concatenating the rows as:
100101111101010001010101010010100011
The cost of the topology it represents can then be assessed using Sinclair's cost metric [6] .
The tableau for this approach is given in Table 1 . For those parameters not shown, we followed Koza [7] .
Decision trees (DT)
This approach attempted to compose the isLinkThere(LID) program by building a decision tree, a concept borrowed from the artificial intelligence community.
This was achieved by replacing the relational (>, <) and decision-making (if) functions, by the more focused if-gt and if-lt. These simply compare their two arguments, and return the greatest or the least respectively. The arithmetic functions (+, -) were retained to allow the decision tree to be built from the composition of the LID variable and constant values. Raw fitness:
The cost of the network evaluated using Sinclair's cost model [6] Standardised fitness:
The same as raw fitness.
Hits: None.
Wrapper: Divided into sections between 0 and N-1. Maps numbers in the sector ranges to either 1 or 0.
Parameters: M = 100, G = 300, tournament selection (size = 30)
Success predicate: None.
Table 1: RFS Tableau
It was hoped that the higher-level nature of the if-gt and if-lt functions would reduce the computational effort and hence improve the average performance. As with the relational-function-set approach, a wrapper was still needed.
The tableau for this approach is shown in Table 2 .
Connected nodes (CN)
The third approach is quite different to the other two. rather than working with a link identification variable (LID), it aims to directly encode the desired topology by building a program that describes how the network should be connected.
Only one terminal and one function are required. The terminal is the ephemeral random floating-point constant (R). The function is connect2, which takes two arguments, representing the identification numbers of two nodes that are to be connected in the network topology represented by the program. As the connect2 instructions are to be assembled in a tree, the function must also provide a return value, so it simply returns its first argument. Overall, as the program found by GP is evaluated, each connect2 invocation modifies the appropriate bit in an N-bit string representing the emerging topology.
As an example of the operation of a connect-nodes program, consider the simple one in Fig. 3 , used on the central nodes. Raw fitness:
Hits: None. (counting nodes from 0, and taking the leftmost bit position in the string to be 0-see Fig. 2 ), so the string would now be :
000000000000000000000000010000000000
Then connect2 2 would connect nodes 1 and 8 together, giving :
000000000000001000000000010000000000
Using the returned value of 1 from connect2 2 , connect2 1 would connect nodes 1 and 5, making the string :
000000000001001000000000010000000000
The tableau for this approach is shown in Table 3 . Raw fitness:
Wrapper: None. The population size (M) and maximum number of generations (G) of RFS, DT 1 and CN 1 were set to 100 and 300 respectively. After performing four runs, the results of all three approaches was not as good as that of GA (best of five runs) [6] .
Parameters
In an attempt to get a better results, M and G were changed to 500 and 200 respectively, and five runs were performed. As the result produced by RFS was clearly inferior to the other approaches, its use was discontinued at this point. With the altered settings, the DT 2 result matches that of GA, while CN 2 was almost as good. However, a much larger number of individuals had to be processed by DT 2 and CN 2 compared to GA-clearly they were not competitive in terms of efficiency. The string representations of the best topologies found are presented in Table 5 .
Method.
The best string representation. 
Results for the EON
The full European Optical Network includes an additional eleven nodes (Vienna, Brussels, Copenhagen, Paris, Berlin, Athens, Dublin, Rome, Luxembourg, Amsterdam, Oslo, Lisbon, Madrid, Stockholm, Zurich, London, Zagreb, Prague, Moscow and Milan). G and M were set to 500 and 1000 respectively, and two runs were performed for both the DT and CN approaches, summarised in Table 6 The string representations of the best topologies found are given in Table 7 . The actual best topologies for GA [6] Although the topology in Fig. 5 meets the reliability constraint, its cost was some 5% above that obtained by GA (best of ten runs, Fig. 4 ), and at considerably higher computational effort. In addition, its cost actually exceeds that of the hand-crafted topology (7.22M) that inspired Sinclair's original GA work [6] .
The results from the CN approach in Fig. 6 is much better than that from DT, but it is still some 1% more expensive than that obtained by GA. Once again, it also incurred a far greater computational burden. 
Conclusions and Further Work
Genetic programming (GP) was found to be effective at providing a solution to the problem in hand.
Nevertheless, for all three GP approaches, the topology encoding method used employed an N-bit string as an intermediate stage in assessing the cost of a topology, whereas Sinclair's earlier GA work utilised such strings directly.
The topology produced by the decision-trees GP for the central nodes of the EON had a cost of 2.66M, which is as same as the result obtained earlier with a genetic algorithm (GA) [6] . The topology produced for the full EON by the connected-nodes GP had a cost of 6.94M, which is only some 1% higher than that found by GA [6] .
However, the efficiency of GP proved to be much lower than GA, with the best EON topology requiring some nine times more individuals to be processed.
The work presented here could be extended by using a wider range of representative networks to explore whether the results obtained were biased by particular characteristics of the EON. Also, additional network design problems could be attempted, and it may be that GP approaches similar to connected nodes, i.e. inspired by cellular encoding [9] [10] [11] , would be more effective at, say, wavelength allocation and routing than GA would be.
